Living organisms are submitted to periodic oscillations of biochemical, physiological 29 and behavioural parameters that are named biological rhythms. For a given process, the 30 periods of the cycles range from less than one second to several years (Box 1). The 31 biorhythms are subdivided into circadian (period approximately equal to 24 hours), ultradian 32 and infradian (respectively shorter and longer periods, See Glossary) [1]. 33
Living organisms undergo biochemical, physiological and behavioural cycles with 19 periods ranging from seconds to years. The cycles with intermediate periods rely on 20 endogenous clocks that consist of oscillating gene expression. Our goal is to illustrate the 21 modalities and specific functions of posttranscriptional controls of gene expression 22 (exerted on pre-mRNAs and mRNAs) in biological clocks through two examples: the 23 circadian clock and the vertebrate somitic segmentation clock, an embryonic clock with 24 a period far below a day. We conclude that both uniformly and cyclically exerted 25 posttranscriptional controls underpin the set-up of clock functions. 26 27
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The present review will focus on essentially two rhythms, the ultradian rhythm that 34 underpins vertebrate somitic segmentation and the circadian rhythm. During vertebrate 35 embryo elongation, somites (presumptive muscles and bones) periodically bud off the non-36 segmented, posterior mesoderm (presomitic mesoderm). This results in a repetitive 37 organization all along the antero-posterior axis, which is referred to as somitic segmentation. 38
The periodic emergence of somites relies on an autonomous 'clock' within the non-segmented 39 mesoderm that oscillates with a period ranging from 30 minutes in zebrafish to 2 hours in 40 mice [2] . 41
In circadian rhythms, there also exists an internal clock that is able to free-run with a 42
period of approximately 24 hours. This clock exists in multicellular organisms, but also in 43 yeasts [3] . This autonomous clock is temporally 'entrained' by light-dark or temperature 44 cycles [4] [5] [6] . In mammals, it is located in the suprachiasmatic nucleus (SCN), a group of 45 hypothalamic neurons. Neuronal connections between the retina and the SCN explain the 46 entrainment by light-dark cycles, which is evidenced among others by the resetting of the 47 ultradian rhythmic expression of several genes in mouse liver [35] . This might indicate some 126 ultradian clock, but an alternative cause could be mRNA degradation. If genes are transcribed 127 following circadian rhythms and the corresponding mRNAs are degraded following a 128 circadian, out-of-phase, rhythm, the mRNA levels might oscillate with a period of 12 hours 129 [35] . 130
A function for oscillating mRNA stability in circadian rhythm has also been described 131 in plants. A microarray screening in Arabidopsis thaliana identified two mRNAs whose 132 stabilities oscillate with a period of 24 hours. Disruption of the pathway responsible for the 133 rapid degradation of these mRNAs in the afternoon alters the oscillations of these mRNAs in 134 correlation with an altered circadian rhythm at the whole-plant level, indicating a link 135 between circadian rhythms in plants and specific mRNA decay [36] . Several examples of oscillating RNA-BPs have also been reported, in addition to the 144 factors described in the previous section. In the green alga Chlamydomonas reinhardtii, the 145 capacity of the RNA-binding complex CHLAMY1 to bind to target mRNAs follows a 146 circadian rhythm [40] . CHLAMY1 comprises two subunits that both are RNA-BPs. 147
Experimentally manipulating the level of either of these two subunits strongly interferes with 148 the circadian rhythm, suggesting that these two proteins are at the heart of the circadian clock 149 in this species [41] . The Chlamydomonas clock is entrained by temperature cycles, and both 150 subunits of CHLAMY1 are involved in temperature integration [42] . In rats, the RNA-BP 151 Mbnl2 (Muscleblind 2) that is involved in alternative splicing of pre-mRNA has an oscillatory 152 expression in the pineal gland [43] . Finally, Nocturnin, a poly(A) ribonuclease (that causes 153 mRNA decay and translational repression by removing the poly(A) tails, see Box 3), is 154 cyclically expressed in the retina [44] . Surprisingly, mice in which the Nocturnin gene has 155 been inactivated display normal circadian rhythms and expression of clock genes (but altered 156 lipid metabolism or uptake) [45] . Hence, factors that control mRNA fate and display a 157 rhythmic expression pattern can be divided into two groups: those that directly influence the 158 clock, and those, like Nocturnin, that represent its readouts. 159
An additional clue to estimate the extent of translational controls in biological rhythms 160 is to compare the levels of cycling proteins with their corresponding mRNAs. Systematic 161 comparison of the transcriptome and the proteome of mouse liver showed that only half of the 162 genes that exhibit rhythmic protein expression also exhibit rhythmic mRNA expression [46] . 163
Interestingly, circadian variations in protein isoforms were also reported by these authors, 164 which are consistent with circadian modifications of alternative splicing [46] . The strong 165 discrepancies between transcriptome and proteome data suggest prevalent translational and/or 166 posttranslational (protein degradation) controls of cyclic gene expression in the circadian 167 clock. 168 169 One step forward: how are cyclic posttranscriptional controls generated? 170
As seen above, cyclical posttranscriptional controls are exerted on several mRNAs and 171 in several physiological systems. In some already discussed cases, the factors involved in 172 RNA regulations are uniformly expressed, but their activity or subcellular localisations 173 oscillate [26, 27, 41] . The mechanisms underlying these oscillations are unknown. 174
The factors controlling mRNA fate may also themselves be cyclically expressed, 175 owing to a cyclical transcriptional regulation, as demonstrated for miR-219 (see Figure 2 ) 176
[31], but also owing to posttranscriptional negative-feedback loops. In Neurospora crassa, 177 FRQ and FRH proteins form the FFC complex, which is able to recruit the RNA exosome (a 178 multi-subunit complex involved in mRNA degradation [47] ) to frq mRNA, and to thereby 179 cause its degradation. Together with the capacity of FFC to repress the transcription of frq 180 gene, this posttranscriptional negative-feedback loop achieves circadian oscillations in N. 181 crassa [48] . In Arabidopsis thaliana, AtGRP7 and AtGRP8 are two RNA-BPs with a 182 circadian expression. AtGRP7 overexpression ablates circadian expression of Atgrp7 and 183
Atgrp8 mRNAs [49] . Both proteins are able to bind to their own pre-mRNAs and direct their 184 splicing pathways towards mRNA isoforms that contain a premature termination codon. 185
These isoforms are rapidly degraded by the non-sense-mediated mRNA decay (NMD) 186 pathway (see Box 3). Consequently, AtGRP7 and AtGRP8 negatively auto-regulate and cross-187 regulate their synthesis [50, 51] . This mechanism very probably ensures a cyclical stability of 188 the mRNAs encoding AtGRP7 and AtGRP8, which contributes to their circadian oscillations. 189
In mammals, the RNA-BPs Rbm4 and Syncrip display oscillating expressions [28, 33] . 190
It is tempting to speculate that these oscillations result from negative auto-regulations similar Table 1 . 220
The expression pattern of Lunatic Fringe (Lfng, a modulator of Notch signalling, one 221 of the pathways required for segmentation) has been described in mice. In situ hybridizations 222 were made with both an exonic probe to reveal the mRNA and an intronic probe to reveal 223 sites of active transcription. The staining patterns with these two probes were very similar, 224 demonstrating that Lfng mRNA is degraded virtually as rapidly as the Lfng introns [58] . Since 225 splicing occurs co-transcriptionally, and excised introns are very rapidly degraded, these data 226 demonstrate the remarkable instability of Lfng mRNA. 227
Reporter genes also showed that mRNA degradation is required to achieve the 228 dynamic expression pattern of the clock genes. In Zebrafish, a GFP reporter controlled by the 229
Her1 promoter (an oscillating component of the core clock) accumulates in the presomitic 230 mesoderm owing to its high stability, suggesting a contrario the rapid decay of the 231 endogenous mRNA [59] . In Xenopus transgenic embryos, a characteristic striped expression 232 pattern of Hairy2a and Bowline, two genes downstream of the clock, is recapitulated by 233 reporter mRNAs only if they contain a destabilizing element in their 3' untranslated regions 234 (3'UTR) [60, 61] . Taking as evidence for rapid mRNA degradation the capacity of a 3'UTR to 235 confer upon a reporter GFP gene a striped pattern of expression, several chick or mouse clock 236 mRNAs can be considered as unstable ( gene product may therefore be responsible for the rapid decay of Her1 mRNA. This gene has 246 not been identified. In Xenopus, the RNA-BPs Celf1 and Fxr1p regulate the stability and/or 247 the translation of bound mRNAs, and knock-down of these proteins causes segmentation 248 defects [65, 66] . This suggests that these proteins have to bind and control a subset of mRNAs 249 for correct segmentation to occur. The mRNA encoding Su(H), that is involved in Notch 250 signalling in the segmentation clock, was identified as a target of Celf1. Specifically, a 251 functional interaction between Celf1 and Su(H) mRNA is required for both the degradation of 252 this mRNA and somitic segmentation [67] . Together, these data show that uniform mRNA 253 regulation plays a key role in oscillations of the segmentation clock. 254
Continuous posttranscriptional controls were also described in the circadian clock. [ 65, 67] 674 
